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A B S T R A C T

Background. Patients with chronic kidney disease (CKD)
have an increased risk of peripheral arterial disease (PAD). The
ankle–brachial index (ABI), a noninvasive measure of PAD, is a
predictor of adverse events among individuals with CKD. In
general populations, changes in ABI have been associated with
mortality, but this association is not well understood among
patients with CKD.
Methods. We conducted a prospective study of 2920 partici-
pants in the Chronic Renal Insufficiency Cohort Study without
lower extremity revascularization or amputation at baseline and
with at least one follow-up ABI measurement (taken at annual
visits) during the first 4 years of follow-up. The ABI was
obtained by the standard protocol.
Results. In Cox proportional hazard regression analyses, we
found a U-shaped association of average annual change in ABI
with all-cause mortality. After adjusting for baseline ABI and
other covariates, compared with participants with an average
annual change in ABI of 0–<0.02, individuals with an average
annual change in ABI <�0.04 or �0.04 had multivariable-
adjusted hazard ratios (HRs) of 1.81 [95% confidence interval
(CI) 1.34–2.44) and 1.42 (95% CI 1.12–1.82) for all-cause mor-
tality, respectively. Compared with the cumulative average ABI
of 1.0–<1.4, multivariable-adjusted HRs for those with a

cumulative average ABI of <0.9, 0.9–<1.0 and �1.4 were 1.93
(95% CI 1.42–2.61), 1.20 (0.90–1.62) and 1.31 (0.94–1.82),
respectively.
Conclusions. This study indicates both larger decreases and
increases in average annual changes in ABI (>0.04/year) were
associated with higher mortality risk. Monitoring changes in
ABI over time may facilitate risk stratification for mortality
among individuals with CKD.

Keywords: biomarker, blood pressure, chronic renal insuffi-
ciency, epidemiology, survival analysis

I N T R O D U C T I O N

Compared with the general population, individuals with
chronic kidney disease (CKD) have a higher risk of cardiovas-
cular disease (CVD) [1, 2], including peripheral arterial disease
(PAD) [3, 4]. Meta-analyses of general population studies have
reported that both low and high ankle–brachial indices (ABIs)
are associated with an elevated risk of mortality [5, 6]. Among
patients with CKD [7] and with end-stage renal disease
(ESRD) on chronic hemodialysis [8, 9], low ABI is a predictor
of all-cause mortality. A meta-analysis reported a high ABI is
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associated with an elevated risk of mortality among individuals
in the general population and among patients with CKD [6].

In contrast to an ABI measured once, associations with re-
peated measurements of ABI over time (e.g. change in ABI per
year) with subsequent mortality risk have been much less
explored. Prior studies have reported that declines in ABI over
time are associated with adverse outcomes [10–13]. However,
with the exception of a small study among participants with
diabetes and proteinurea [13], no prior publications have
reported the association of ABI measured over multiple years
with the risk of all-cause mortality among individuals with
CKD. As ABI is a simple, minimal risk and noninvasive mea-
sure of subclinical PAD [14] and individuals with CKD are at
increased risk of PAD [3], it is important to better understand
how, after taking a baseline ABI into account, repeated

measures of ABI and the change in ABI over time are related to
the risk of mortality in this population. A better understanding
of such associations may help to improve risk stratification
among individuals with CKD.

We used data from the Chronic Renal Insufficiency Cohort
(CRIC) Study to study the associations between change in ABI
and cumulative average ABI derived from repeated ABI meas-
urements collected over multiple years with risk of all-cause
mortality among individuals with CKD [15].

M A T E R I A L S A N D M E T H O D S

Study design and population

The design of the CRIC Study is described in detail else-
where [15, 16]. The CRIC Study enrolled 3939 men and women
21–74 years of age with mild to moderate CKD from 2003 to
2008 at seven US clinical centers. Individuals were eligible if
they had an estimated glomerular filtration rate (eGFR) of
20–70 mL/min/1.73 m2. Exclusion criteria included previous di-
alysis (>1 month), New York Heart Association class III or IV
heart failure, polycystic kidney disease or other primary kidney
diseases that required active immunosuppression. Participants
provided written informed consent. The institutional review
boards at each participating site approved the CRIC protocol.

Self-reported information on claudication, amputation or
angioplasty and procedures to open up blood vessels in the
arms or legs was collected at baseline. We excluded individuals
with a lower extremity revascularization or amputation prior to
baseline (n¼ 269), with missing baseline ABI (n¼ 43) or with
missing covariates at baseline (n¼ 207), yielding 3420 individu-
als. We further restricted analyses to those with at least two ABI
measurements by the fifth CRIC visit (4 years after the start of
the study) and still under follow-up after the fifth CRIC visit
(n¼ 2920).

All-cause mortality

Study participants were followed up with annual clinic visits
and 6-month telephone interviews. Deaths were ascertained
from next of kin, obituaries, death certificates, reviews of hospi-
tal records and the National Death Index.

ABI

At each annual clinic visit, ABI measurements were obtained
by the standard protocol [17]. After the participant rested su-
pine for 5 min, systolic blood pressure (BP) was measured in
both arms with the appropriately sized arm cuff. For each leg,
systolic BP in the posterior tibial and dorsalis pedis artery was
measured. A continuous-wave Doppler ultrasound probe was
used to detect all pressures. Leg-specific ABI was calculated by
dividing the higher systolic BP in the posterior tibial or dorsalis
pedis by the higher of the right or left brachial systolic BPs. For
derivation of all ABI exposures, we derived the change in ABI
or time-updated ABI using the same leg throughout (leg with
the lowest ABI at the first visit).

KEY LEARNING POINTS

What is already known about this subject?

• Individuals with chronic kidney disease (CKD) have
elevated risk of cardiovascular disease, including pe-
ripheral arterial disease (PAD).

• The ankle–brachial index (ABI), a simple measure of
subclinical PAD, is a predictor of all-cause mortality
among patients with CKD.

• It is important to better understand how changes in
ABI over time are related to the risk of mortality
among patients with CKD.

What this study adds?

• Using ABI measurements collected over multiple years
(median of five measurements) from the Chronic
Renal Insufficiency Cohort Study, we found that larger
decreases and increases in average annual changes
in ABI (>0.04/year) were associated with a higher risk
of mortality.

• This is the first study to report that a larger average
increase in ABI per year is related to a higher risk of
mortality among patients with CKD, a finding that
should be explored in further research.

• There was also a nonlinear relationship of cumulative
average ABI with the risk of mortality, with the greatest
risk among individuals with a cumulative average ABI
<0.9.

What impact this may have on practice or policy?

• Monitoring changes in ABI over time may facilitate
risk stratification for mortality among individuals with
CKD.

• If similar associations are observed in other popula-
tions, then this may potentially support the use of re-
peated ABI monitoring for risk stratification among
other high-risk populations.
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Covariates

At baseline and follow-up examinations, participants self-
reported sociodemographic information, medical history,
medication use and lifestyle factors. Current smokers were de-
fined as participants who currently smoked or had smoked
>100 cigarettes in their lifetime. Participants who consumed
one or more beverages containing alcohol per week over the
past year were defined as alcohol drinkers. Physical activity was
estimated by the total metabolic equivalent of task per week.
Details on the collection of anthropometric measures and labo-
ratory measurements are included in the Supplementary
Materials.

Statistical analyses

Descriptive statistics. Baseline characteristics were calcu-
lated for study participants based on the category of average an-
nual change in ABI (categories derived from splines, as
described below).

Average annual change in ABI. First, we assessed the asso-
ciation of the average change in ABI per year with subsequent
hazard of all-cause mortality. We used annual ABI measure-
ments to calculate the ABI slope during a baseline period con-
sisting of the first five CRIC visits. To calculate each
participant’s ABI slope we used linear regression models with
ABI at a visit as the dependent variable and time of ABI mea-
surement (years since first visit) as the independent variable.

We used Cox proportional hazards models to assess the as-
sociation of the average change in ABI per year during the base-
line period with subsequent risk of all-cause mortality, starting
follow-up at the fifth CRIC visit [18, 19]. We adjusted for ABI
and covariates measured or reported at the first CRIC visit. We
first adjusted for age, sex, race/ethnicity, clinic site and baseline
ABI. Second, we adjusted for high school education, physical
activity, current cigarette smoking, alcohol consumption, body
mass index, systolic BP, glucose, high-density lipoprotein cho-
lesterol, low-density lipoprotein cholesterol, high-sensitivity C-
reactive protein, history of CVD, diabetes, hypertension and
use of medications (angiotensin-converting enzyme inhibitors
or angiotensin II receptor blockers, b-blockers, aspirin and sta-
tins). Third, we additionally adjusted for eGFR and 24-h urine
albumin excretion.

We used a restricted cubic spline to explore the association
of the average change in ABI per year with the multivariable-
adjusted hazard of mortality [20]. This allowed us to nonpara-
metrically examine the association with mortality. We used
four knots with cut points at the 5, 35, 50, 65 and 95th percen-
tiles of the average annual change in ABI [21]. To minimize the
influence of outliers, the bottom 2.5 and top 2.5 percentiles
were removed from the spline models. Based on the spline’s
shape, we empirically chose cut points of <�0.04, �0.04–
<�0.02, �0.02–<0, 0–<0.02, 0.02–<0.04 and �0.04 for cate-
gories of average change in ABI per year. Tests for nonlinearity
used the likelihood ratio test, comparing the model with only
the linear term to the model with the spline terms.

Cumulative average ABI. We used Cox proportional haz-
ards models to examine the association of mortality with time-
updated ABI exposure. To minimize within-subject variation in
the ABI, we used the cumulative average ABI, in which mortal-
ity between each clinic visit was related to the cumulative aver-
age of ABI calculated by averaging all prior ABI measurements
[22]. We started follow-up at the fifth CRIC visit.

We adjusted for the same variables previously described.
Except for variables measured only at baseline or time-invariant
variables, we adjusted for time-updated covariates. Based on
results from a restricted cubic spline and prior research [6, 7],
we selected a level of 1.0–1.4 ABI as the reference category, with
groups categorized as<0.9, 0.9–<1.0, 1.0–<1.4 and�1.4 [7].

We conducted analyses using SAS version 9.4 (SAS Institute,
Cary, NC, USA) and R version 4.0.2 (R Foundation for
Statistical Computing, Vienna, Austria). All P-values are two-
sided and statistical significance was defined as P< 0.05.
Additional details are included in the Supplementary Methods.

R E S U L T S

Baseline characteristics by the average change in ABI per year
categories are presented in Table 1. Compared with other cate-
gories, those with an average change in ABI per year <�0.04
were more likely to be female, less likely to be current drinkers
and had higher systolic BP. Those with an average change in
ABI per year�0.04 were less likely to be female and more likely
to have clinical CVD. Compared with those with an average
change in ABI per year of �0.04–0.04, those with a change in
ABI of <�0.04 or �0.04 had higher 24-h urinary albumin ex-
cretion; lower eGFR; were more likely to have clinical CVD, hy-
pertension and diabetes mellitus and were more likely to take
b-blockers or aspirin. Those with an average change in ABI per
year of <0 were more likely to smoke than those with average
change of �0. ABI at the first study visit was highest for those
with an average change in ABI per year of <�0.04 and lowest
for those with an average change in ABI per year of �0.04.
During a mean follow-up time of 5.6 years, there were 619
deaths. Participants had a mean of 4.5 ABI measurements
(range 2–5; median 5). The average time between consecutive
ABI measurements was 1.1 years (median 1 year).

Average annual change in ABI

A multivariable-adjusted spline regression model suggested
a U-shaped association between the average annual change in
ABI and all-cause mortality (Figure 1). Table 2 reports the
multivariable-adjusted associations between the average annual
change in ABI and mortality. After adjusting for baseline ABI
and other covariates, an average annual ABI change of <�0.04
or �0.04 (a decrease of >0.04/year or an increase of �0.04/
year) were both associated with a higher hazard of mortality rel-
ative to the average annual change of 0–<0.02/year. In the fully
adjusted multivariable model, compared with the average an-
nual ABI change of 0–<0.02, those with an average annual ABI
change <�0.04 had a hazard ratio (HR) of 1.81 [95% confi-
dence interval (CI) 1.34–2.44] and those with an average annual
ABI change �0.04 had an HR of 1.42 (95% CI 1.12–1.82).
When the annual average change in ABI was removed from the
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model, the concordance decreased from 0.762 [standard error
(SE) 0.009] to 0.757 (SE 0.009) (difference�0.005; P¼ 0.03).

Cumulative average ABI

The multivariable-adjusted spline model showed a nonlinear
association between the cumulative average ABI and all-cause
mortality (Figure 2). Table 3 reports multivariable-adjusted
associations between the cumulative average ABI and mortality.
After adjusting for baseline ABI and other covariates, compared
with the cumulative average ABI of 1.0–<1.4, those with an
ABI <0.9 had a 1.9 times higher mortality risk [HR 1.93 (95%
CI 1.42–2.61)]; the HRs (95% CIs) for ABI 0.9–<1.0 and ABI
�1.4 were 1.20 (0.90–1.61) and 1.31 (0.94–1.82), respectively.
When the cumulative average ABI was removed from the
model, the concordance decreased from 0.782 (SE 0.009) to
0.776 (SE 0.009) (difference�0.006; P¼ 0.0003).

Sensitivity analyses

Subgroup analyses. When we excluded individuals with an
abnormal ABI at baseline (ABI<0.9 or �1.4; Supplementary
data, Table S1), results were similar. Similar patterns were ob-
served when restricting to participants without a history of
CVD at the first CRIC visit (72%) or with diabetes mellitus at
the first CRIC visit (44%; Supplementary data, Table S1).

However, when excluding those with CVD at the first visit, the
HR for cumulative average ABI <0.9 was stronger [HR 3.06
(95% CI 1.97–4.77)] compared with an ABI of 1.0–<1.4.

Adjustment for ABI in the other leg. When the average
annual change in ABI analyses were adjusted for baseline ABI
and average annual change in ABI in the leg with the higher
ABI at the baseline visit, there was a similar, though attenuated,
pattern (Supplementary data, Table S2). A higher average an-
nual change in ABI in the leg with the higher ABI at the baseline
visit was associated with higher mortality. When cumulative av-
erage ABI analyses were adjusted for baseline ABI and cumula-
tive average ABI in the opposite leg, cumulative average ABI
<0.9 in the leg with the lowest ABI at baseline was associated
with mortality and cumulative average ABI�1.4 in the leg with
higher ABI at baseline was associated with higher mortality
(Supplementary data, Table S2).

Alternative exposure definitions. The pattern of associa-
tion was similar when we examined the association of quintiles
of the average change in ABI with mortality (Supplementary
data, Table S3). Results were similar when the average annual
change in ABI analyses were restricted to individuals with five
ABI measurements by the fifth CRIC visit (Supplementary data,

Table 1. Baseline characteristics of study participants according to categories of average annual change in ABI

Variables <�0.04
(n¼ 263)

�0.04–<
�0.02 (n¼ 261)

�0.02–
<0 (n¼ 473)

0–<0.02
(n¼ 642)

0.02–<0.04
(n¼ 534)

�0.04
(n¼ 747)

Age (years), mean (SD) 60 (10) 58 (11) 57 (11) 57 (11) 58 (11) 58 (11)
Female, n (%) 139 (53) 126 (48) 230 (49) 307 (48) 245 (46) 322 (43)
Race/ethnicity, n (%)

Non-Hispanic white 104 (40) 107 (41) 204 (43) 304 (47) 255 (48) 319 (43)
Non-Hispanic black 119 (45) 110 (42) 206 (44) 260 (41) 199 (37) 292 (39)
Hispanic 31 (12) 33 (13) 42 (9) 55 (9) 53 (10) 109 (15)
Other 9 (3) 11 (4) 21 (4) 23 (4) 27 (5) 27 (4)

High-school graduate, n (%) 201 (76) 205 (79) 396 (84) 541 (84) 456 (85) 594 (80)
Physical activity (total METs/week), mean (SD) 196.4 (129.8) 191.7 (161.2) 213.5 (161.5) 212.2 (137.4) 216.8 (159.1) 201.4 (141.4)
Current smoking, n (%) 48 (15) 32 (15) 65 (14) 69 (11) 58 (10) 76 (10)
Alcohol drinking, n (%) 143 (54) 175 (67) 323 (68) 433 (68) 361 (68) 470 (63)
Body mass index (kg/m2), mean (SD) 33.0 (8.6) 31.7 (7.1) 31.5 (7.5) 31.7 (7.5) 32.0 (7.4) 33.0 (7.6)
Systolic BP (mmHg), mean (SD) 132 (23) 126 (19) 126 (20) 125 (21) 124 (20) 127 (22)
HDL cholesterol (mg/dL), mean (SD) 47.3 (14.1) 47.5 (14.9) 48.9 (15.7) 49.0 (15.7) 49.7 (15.4) 46.5 (15.2)
LDL cholesterol (mg/dL), mean (SD) 102.4 (38.7) 101.0 (33.1) 106.9 (34.5) 105.4 (32.7) 106.0 (34.9) 98.2 (34.2)
Glucose (mg/dL), mean (SD) 123.8 (67.0) 107.4 (33.0) 110.5 (49.9) 107.7 (41.5) 106.7 (39.7) 116.4 (49.5)
High-sensitivity CRP (mg/L),

mean (SD)
5.86 (9.42) 5.10 (8.52) 5.67 (12.21) 5.28 (8.36) 4.94 (9.09) 5.01 (7.61)

Estimated GFR [
mL/min/1.73 m2

(CKD-EPI equation)], mean (SD)

43 (14) 46 (14) 46 (15) 47 (15) 47 (15) 43 (14)

24-h urine albumin
excretion (g/24 h), mean (SD)

0.67 (1.54) 0.55 (1.46) 0.53 (1.26) 0.50 (1.25) 0.44 (1.10) 0.83 (1.87)

History of clinical CVD, n (%) 82 (31) 63 (24) 123 (26) 154 (24) 126 (24) 258 (35)
Hypertension, n (%) 235 (89) 221 (85) 392 (83) 531 (83) 434 (82) 664 (89)
Diabetes mellitus, n (%) 155 (59) 105 (40) 175 (37) 251 (39) 195 (36) 403 (54)
Use of ACE-I or ARBs, n (%) 181 (69) 173 (66) 292 (62) 437 (68) 355 (66) 534 (71)
Use of b-blockers, n (%) 136 (52) 123 (47) 202 (43) 281 (44) 230 (43) 384 (51)
Use of aspirin, n (%) 117 (44) 91 (35) 192 (41) 244 (38) 208 (39) 336 (45)
Use of statins, n (%) 158 (60) 147 (56) 240 (51) 330 (51) 258 (48) 426 (57)
ABI at first study visit 1.17 (0.27) 1.12 (0.18) 1.08 (0.15) 1.03 (0.15) 1.03 (0.15) 0.99 (0.20)

METs: metabolic equivalent of task; BP: blood pressure; HDL: high-density lipoprotein; LDL: low-density lipoprotein; CRP: C-reactive protein; CKD-EPI: Chronic Kidney Disease
Epidemiology Collaboration; CVD: cardiovascular disease; ACE-I: angiotensin-converting enzyme inhibitor; ARB: angiotensin II receptor blocker.
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Table S3). When the average annual change in ABI was calcu-
lated based on the first six CRIC visits, patterns were similar
(Supplementary data, Table S3). In analyses attempting to re-
duce the influence of outliers, we excluded any ABI measure-
ments <0.3 or >2.0 when deriving the slope of change in ABI

per year and observed a similar pattern (Supplementary data,
Table S3). When the average change in ABI per year was calcu-
lated as the average of change since the most recent ABI divided

Table 2. Multivariable adjusted HRs of all-cause mortality associated with average annual change in ABI

Average annual change in ABI Model 1 Model 2 Model 3
No. of events Person-years HR (95% CI) HR (95% CI) HR (95% CI)

<�0.04/year 88 1332 2.02 (1.50–2.72) 1.81 (1.34–2.44) 1.81 (1.34–2.44)
�0.04–<�0.02/year 50 1407 1.22 (0.87–1.71) 1.29 (0.92–1.81) 1.31 (0.93–1.84)
�0.02–<0/year 79 2737 0.98 (0.73–1.32) 0.97 (0.74–1.31) 0.94 (0.70–1.27)
0–<0.02/year 103 3747 1 (reference) 1 (reference) 1 (reference)
0.02–<0.04/year 93 3065 1.05 (0.79–1.39) 1.12 (0.84–1.48) 1.15 (0.86–1.52)
�0.04/year 206 3999 1.50 (1.17–1.91) 1.49 (1.17–1.90) 1.42 (1.12–1.82)

Model 1 adjusted for age, sex, race, clinic site and baseline ABI (categories <0.9, 0.9–<1.0, 1.0–<1.4 and �1.4). Model 2 additionally adjusted the following covariates: high-school edu-
cation, physical activity, current smoking, alcohol use, body mass index, systolic blood pressure, low-density lipoprotein and high-density lipoprotein cholesterol, glucose, high-sensitiv-
ity C-reactive protein, history of cardiovascular disease, diabetes, hypertension, use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, b-blockers, aspirin
and statins. Model 3 additionally adjusted for 24-h urine albumin excretion and estimated GFR. Adjusted for covariates reported or measured at baseline.

p-trend = 0.0004
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FIGURE 1: Spline plot of multivariable-adjusted HRs and 95% CIs
of all-cause mortality associated with the average annual change in
ABI. The solid line represents the point estimate and the dotted lines
represent 95% CIs.
Adjusted for age, sex, race, clinic site, baseline ABI (categories <0.9,
0.9–<1.0, 1.0–<1.4 and �1.4) and the following covariates: high-
school education, physical activity, current smoking, alcohol use,
body mass index, systolic BP, low-density lipoprotein and high-den-
sity lipoprotein cholesterol, glucose, high-sensitivity C-reactive pro-
tein, history of cardiovascular disease, diabetes, hypertension, use of
angiotensin-converting enzyme inhibitors or angiotensin receptor
blockers, b-blockers, aspirin and statins, 24-h urine albumin excre-
tion at baseline and eGFR. Adjusted for baseline covariates. HR is
plotted relative to a reference value of average annual change in ABI
of 0.

Table 3. Multivariable-adjusted HRs of all-cause mortality associated with cumulative average ABI

Cumulative average ABI Model 1 Model 2 Model 3
No. of events Person-years HR (95% CI) HR (95% CI) HR (95% CI)

<0.9 143 1197 2.93 (2.15–3.99) 2.05 (1.51–2.79) 1.93 (1.42–2.61)
0.9–<1.0 67 1324 1.51 (1.12–2.02) 1.22 (0.91–1.64) 1.20 (0.90–1.62)
1.0–<1.4 359 13 067 1 (reference) 1 (reference) 1 (reference)
�1.4 50 699 2.36 (1.71, 3.26) 1.52 (1.09–2.10) 1.31 (0.94–1.82)

Model 1 adjusted for age, sex, race, clinic site and baseline ABI (categories <0.9, 0.9–<1.0, 1.0–<1.4 and �1.4). Model 2 additionally adjusted for the following covariates: high-school
education, physical activity, current smoking, alcohol use, body mass index, systolic blood pressure, low-density lipoprotein and high-density lipoprotein cholesterol at baseline, glu-
cose, high-sensitivity C-reactive protein at baseline, history of cardiovascular disease, diabetes, hypertension, use of angiotensin-converting enzyme inhibitors or angiotensin receptor
blockers, b-blockers, aspirin and statins. Model 3 additionally adjusted for 24-h urine albumin excretion at baseline and estimated GFR. Unless otherwise noted or a variable that does
not change over time (e.g. sex, race, clinic site and education), covariates were time-updated.

p-trend < 0.0001
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FIGURE 2: Spline plot of multivariable-adjusted HRs and 95% CIs
of all-cause mortality associated with cumulative average ABI. The
solid line represents the point estimate and the dotted lines represent
95% CIs.
Adjusted for age, sex, race, clinic site and the following covariates:
high-school education, physical activity, current smoking, alcohol
use, body mass index, systolic blood pressure, low-density lipopro-
tein and high-density lipoprotein cholesterol at baseline, glucose,
high-sensitivity C-reactive protein at baseline, history of cardiovas-
cular disease, diabetes, hypertension, use of angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers, b-blockers, aspi-
rin and statins, 24-h urine albumin excretion at baseline and esti-
mated GFR. Unless otherwise noted or a variable that does not
change over time (e.g. sex, race, clinic site and education), covariates
were time-updated. HR is plotted relative to a reference value of cu-
mulative average ABI of 1.2.
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by the time since the most recent ABI measurement
(Supplementary Methods), there was an association of average
annual ABI change of <�0.04 with a higher risk of mortality
[HR 1.36 (95% CI 1.01–1.82)] but an average annual ABI
change �0.04 was no longer associated with mortality
(Supplementary data, Table S3).

When we analyzed the cumulative average ABI exposure
starting follow-up at the first CRIC visit, results were similar
(Supplementary data, Table S4). There were similar patterns of
association when the cumulative average ABI exposure was
lagged for 2 and 3 years (Supplementary data, Table S4). Similar
associations were also observed for alternative approaches to
defining ABI exposure: 3-year cumulative average ABI and
most recent ABI, although the strength of the association for
ABI �1.4 was stronger for both of these exposures than for the
overall cumulative average ABI exposure (Supplementary data,
Table S4). Findings for the change in ABI and cumulative aver-
age ABI exposures were similar when these exposures were de-
rived with ABI measurements taken prior to clinical PAD
(Supplementary data, Tables S3 and S4).

D I S C U S S I O N

In this study we found that after adjustment for baseline ABI,
the average annual change (increase or decrease) in ABI was as-
sociated with mortality. After adjusting for baseline ABI and
other covariates, compared with the average annual decrease in
ABI of�0.02–0, an average annual decrease in ABI of<�0.04/
year or an increase in ABI of �0.04/year was associated with a
higher risk of mortality. If extrapolated, these cut points would
correspond to average changes of <�0.2 or �0.2 over a 5-year
period. Among individuals with PAD, an ABI decrease of
>0.15 can detect significant PAD progression [23]. Moreover,
if someone started with an ABI of 1.1, an ABI decrease of 0.2
would move that individual into the PAD category (ABI�0.90)
[23]. The average annual change in ABI findings were robust;
sensitivity analyses yielded similar patterns. To our knowledge,
this is the first study to evaluate the change in ABI using ABI
measured at two or more time points across multiple years as a
predictor of mortality among a large cohort of patients with
CKD. Therefore this study provides key initial results on the po-
tential importance of the change in ABI over a multiyear period
among individuals with CKD.

After adjustment for covariates and baseline ABI, we ob-
served a nonlinear association of cumulative average ABI with
mortality. This pattern was consistently observed for different
definitions of ABI (3-year cumulative average ABI and most re-
cent ABI) and for additional sensitivity analyses. This builds on
our prior work that reported a significant association between
baseline ABI and mortality [7]. Our results also align with
meta-analyses that found a similar nonlinear pattern of associa-
tion between baseline ABI and mortality among patients with
CKD [6, 24]. Studies among the general population have also
found a nonlinear association between baseline ABI and mor-
tality [5].

We assessed average changes in ABI and ABI slope for ABI
measurements taken at several time points over multiple years
among individuals with CKD and found both a decrease and an

increase in ABI over time were associated with a higher risk of
mortality, although changes in the concordance statistic are
small. Prior studies in different populations have shown similar
results for a decrease in ABI. A hospital vascular laboratory–
based cohort found that a decline in ABI >0.15 in the prior
10 years (mean 5 years) was associated with subsequent risk of
mortality at 3 but not 6 years [10]. One small study of patients
with diabetes and proteinuria found that a decrease in ABI over
two time points was associated with a higher risk of mortality
[13]. Other small studies have found that ABI decline (mea-
sured annually>7 years) predicts CVD mortality in hemodialy-
sis patients [11] and a large decrease in ABI over 1 year predicts
CVD events [25]. Prior research (not focused on patients with
CKD) among participants with PAD or suspected PAD [12]
has also reported a positive association between declining ABI
over two time points and the risk of mortality. In contrast to
prior work, in addition to finding that a decrease in ABI over
time predicted mortality, we found an increase in ABI over time
was associated with a higher risk of mortality.

ABI is a simple, minimal risk and noninvasive measure of
subclinical PAD [14]. As individuals with CKD have a higher
risk of PAD [3], it is important to better understand how re-
peated ABI measurements taken over a number of years may
help improve risk prediction among patients with CKD. In clin-
ical practice, ABI �0.90 is most commonly used to diagnose
PAD [23]. In line with low ABIs being a marker of PAD, we ob-
served that larger decreases in ABI were associated with a
higher risk of mortality. High ABI is a marker of lower extrem-
ity arterial stiffness and may be a marker of medial arterial calci-
fication [10]. This may explain why we observed that an
increase in ABI over time was associated with a higher risk of
mortality. Medial arterial calcification is highly prevalent
among individuals with CKD [26] and is associated with a
higher risk of CVD in ESRD [27]. Markers of arterial stiffness
are also associated with progression of CKD [28]. In sum, our
results suggest that in patients with CKD, repeated ABI meas-
urements over time may provide clinically important informa-
tion for understanding mortality risk beyond what is observed
from ABI measured at a single time point. In particular, it is of
interest to better understand the impact of increases in ABI
over time among patients with CKD. The higher risk of mortal-
ity among individuals with larger increases in ABI could poten-
tially be due to arterial stiffening (e.g. from medial arterial
calcification) [10]; further work should explore potential rea-
sons for this observation. Future research could also explore
how joint changes in ABI and coronary artery calcium, a
marker of atherosclerosis that strongly predicts mortality and
risk of CVD [29], affect the risk of adverse outcomes.

This study has several limitations. Although we adjusted for
many covariates, there is the potential for residual confounding.
To address this limitation, models with sequentially added
covariates were used. The main analysis calculated the average
change in ABI during the first five visits (a period of 4 years)
only, although results were similar when we calculated the aver-
age change in ABI over a longer period of time. By using the av-
erage change in ABI, we did not study the relationship between
nonlinear changes in ABI and mortality risk. The clinical
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interpretation of the average change in ABI per year is currently
unclear. However, this provides evidence for an association be-
tween the average annual change in ABI and all-cause mortality
among patients with CKD and should be followed up with ad-
ditional analyses in other prospective cohorts and for other ad-
verse outcomes. Our study also has several strengths. We were
able to adjust for many potential confounders, including demo-
graphic, lifestyle and other risk factors, some of which were
measured repeatedly over time. Patterns were generally similar
in sensitivity analyses when using different approaches to define
exposures, when excluding individuals with high or low ABI,
with CVD at baseline or restricting to those with diabetes at
baseline.

In summary, we examined the change in ABI based on re-
peated ABI measurements over time and the risk of all-cause
mortality in a large cohort of participants with CKD. We are
the first to report that a larger increase in ABI per year is related
to a higher risk of mortality among participants with CKD, a
finding that should be explored in future research. If similar
associations are observed in other populations, then this may
potentially support the use of repeated ABI monitoring for risk
stratification among high-risk populations.
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